Experimental and theoretical investigations of radiative lifetimes in the

I. INTRODUCTION
The development of laser spectroscopic techniques has made laser measurements of short radiative lifetimes in the vacuum ultraviolet ͑VUV͒ spectral range feasible. Highenergy atomic levels can be selectively excited and induced fluorescence captured with high resolution both in time and wavelength. In the present work on lifetimes in the s and d Rydberg sequences of boron we combined the methods of laser-pulse compression by stimulated Brillouin scattering ͑SBS͒ ͓1͔ and frequency up conversion using four-wave mixing ͓2͔. As a light atom with only five electrons boron is well suited for comprehensive nonrelativistic calculations. The lifetimes were calculated using the multiconfiguration Hartree-Fock ͑MCHF͒ method.
Rydberg sequences in boron show strong irregularities in energy due to configuration interaction. The energy level structure, given in Fig. 1 , is similar to that of a one-electron system. The ground configuration is 1s 2 2s 2 2p and higher states are formed by excitation of the 2p electron. In addition, the configuration 1s 2 2s2 p 2 give rise to a few terms below the ionization energy, 2 S, 4 P, and 2 D. The 2 S and 2 D levels have energies as shown in the figure. The presence of these states causes a perturbation of close-lying levels of the same symmetry. This can be observed as irregularities in the energy positions of the levels. The perturbation can also have a strong effect on lifetime values. In an unperturbed sequence lifetime values can be expected to increase regularly with the principal quantum number.
Radiative lifetimes have previously been studied in Rydberg sequences of the other group III elements Al ͓3,4͔, Ga ͓5͔, and In ͓6͔. These elements have a similar energy-level structure, but the relative position of the sequence perturbers varies. It is only for boron that the 2 S perturber is below the ionization limit. Furthermore, the 2 D perturber has not been found experimentally in the heavier elements. The state is mixed into the whole d sequence.
For boron the strong perturbations make theoretical studies difficult. In particular this is true for the 2 S series, where the position of 2s2 p 2 2 S between 2s 2 6s 2 S and 2s 2 7s 2 S must be accurately predicted. Calculations of the lifetimes in the s and d sequences have previously been done using the MCHF method ͓7͔. Due to instabilities in the self-consistentfield procedure only the 2s 2 ns 2 S states below the 2s2p 2 2 S perturber could be targeted. Improvements in the algorithms now allow the MCHF calculations to be extended further up in the sequence.
The measurements were undertaken using the timeresolved laser-induced fluorescence ͑LIF͒ method on boron atoms produced by laser ablation. To obtain the VUV wavelengths, necessary for excitation of the high levels from the ground, sum-difference frequency mixing of two laser beams in a krypton cell was employed. Laser pulses were compressed to 1 ns using SBS in a water cell prior to excitation of investigated levels. Measurements were performed on the 5s, 6s, 7s, 4d, 5d, and 6d levels in the Rydberg sequences and on the perturber 2s2p 2 2 S. The lower (nϭ3) levels have previously been studied by several investigators mainly using the beam-foil method. One study also includes the 2 S perturber ͓8͔. Levels up to 4s and 4d have been investigated using laser excitation ͓9͔.
II. EXPERIMENTAL METHODS
The radiative lifetimes were measured with the method of selective excitation of an atomic level by wavelength-tuned *Email address: Hans.Lundberg@fysik.lth.se † Also at Malmö University, S-205 06 Malmö, Sweden. pulsed laser radiation and time-resolved detection of radiation released at the subsequent decay. The experimental setup is shown in Fig. 2 . Free boron atoms are produced by focusing a pulsed Nd:YAG ͑where YAG is yttrium aluminum garnet͒ laser beam onto a rotating boron target. The laser pulse creates a small plasma, which expands from the target and contains electrons, atoms, and ions of various ionization stages. The laser pulse has duration of 10 ns and a typical energy of 10 mJ. This source has been utilized for a large number of elements and was used, and also examined more thoroughly, in a work on boron ͓10͔. The plasma expands in a shell-like structure with higher velocities for the higher ionization stages. The source has the advantage of high particle densities and the possibility of using populated metastable levels as a starting point for laser excitation. The plasma density and temperature can be adjusted by changing laser energy and beam size on the target. Measurements are performed on atoms or ions in a particular part of the plasma by adjusting the height above the target and the time delay of the excitation pulse.
Tuneable VUV radiation was generated through the process of resonant sum-difference-frequency mixing, 2 1 Ϫ 2 , of two UV beams in a krypton gas cell. The two UV beams were overlapped and focused into the cell using an f ϭ30-cm achromatic lens. One of the beams, with wavelength 212.55 nm and frequency 1 , was two-photon resonant with the transition 4p
The polarization of the gas and the conversion efficiency is enhanced by the resonance. The generated beam, 2 1 Ϫ 2 , was tuned by tuning the frequency of the second beam 2 . The pressure in the cell, optimized on output power of the generated beam, was about 200 mTorr. The three beams were separated by a lithium fluoride prism. After passing the plasma the generated beam was terminated on a window covered with fluorescent sodiumsalicylate.
The two UV beams were produced using two tuneable dye lasers, pumped by two injection-seeded frequencydoubled Nd:YAG lasers, which had pulse powers of about 500 mJ and pulse duration of about 10 ns. One of them pumped a dye laser operated with the dye DCM to give radiation at the wavelength 638 nm. The second harmonic of this radiation was then generated in a KDP crystal and mixed with the fundamental in a BBO crystal to obtain 212.55 nm.
The pulse from the other Nd:YAG laser was shortened by SBS in a water cell. In lifetime measurements the excitation pulse should be shorter than the measured lifetime. The length of the water cell corresponds to half the length of the pulse. The SBS first occurs in the focal point in the generator part of the cell and causes a reflection as from a mirror. This mirror then travels back the amplifier part of the cell with a velocity close to the speed of light. This results in a compression of the pulse to about 1 ns. The loss in pulse energy is about 50%. The compressed pulse pumped a second dye laser operated with different red dyes depending on the requested wavelength of the final VUV radiation. The second dye laser was frequency doubled to 2 and made to temporally overlap with the peak of the 1 beam. The two Nd:YAG lasers were triggered from a delay generator, which also controlled the plasma-generating laser.
The excitation beam interacted with the boron atoms about 1 cm above the target. Fluorescent light released at the decay was captured using a 0.25-m vacuum monochromator and a multichannel-plate photomultiplier with a rise time of 0.2 ns. The photomultiplier was connected to a digital transient recorder with an analog bandwidth of 1 GHz and realtime sampling rate of 2 G samples/s. The temporal structure of the VUV excitation pulses was recorded with the same detection system by inserting a metal rod into the place of the plasma.
III. MEASUREMENTS
In the measurements level energies were taken from Ref.
͓11͔ and detection was performed at the same wavelength as excitation. The resonance lines for the studied states are in the region 156-167 nm. This region was covered using red dyes operated between 586 and 668 nm ͑first harmonic of the 2 beam͒. The experimental bandwidth, measured by tuning the red dye laser over a transition, was about 0.01 nm, which corresponds to 0.002 nm in VUV. tation from the 2 P 3/2 the fine structure in the 2 D sequence could not be resolved. Both excitation schemes were employed but no difference in decay times was found. This indicates that LS coupling is dominant, which is to be expected in a light element as boron.
The energy of the generated beam was estimated to be about 1 J. It is given by the intensity of the input beams and the third-order nonlinear susceptibility of the krypton gas. The susceptibility is enhanced when radiation frequencies are close to transition frequencies in the gas. With input beams with powers of a few mJ the conversion efficiency is of the order of 10 Ϫ4 . To obtain a reasonably strong fluorescence it is an advantage to have an atomic source with a high density that sufficiently can compensate for weak excitation beams. It is then, however, important to take care to avoid multiple scattering prolonging observed lifetimes. In the measurements the boron density was changed by changing the delay time between excitation and ablation pulses. For delays longer than 2 s no systematic effects on the decay times were observed for any level.
In the measurements laser pulses and fluorescence signals were recorded alternately. The curves shown in Fig. 3 represent averages of 1000 pulses. Pulses from the red dye laser, measured with a streak camera, have duration of about 1 ns and pulse-to-pulse fluctuations of typically 20%, somewhat depending on the dye used. The VUV pulses will have similar characteristics. In the figure the laser pulse has a width of about 1.5 ns due to the limit in time response of the detection system. The fluorescence signal is free from both scattered laser light and saturation due to the low energy of the VUV excitation pulse. The lifetimes were evaluated by fitting the fluorescence signal to a convolution of the laser pulse and an exponential. The procedure takes the limited time response into account since the recorded pulse and fluorescence are affected by the same response function. In test measurements the extensively studied lifetime of the Be I 2s2 p 1 P 1 level ͓12͔ was reproduced.
Several effects, such as collisions and flight out of view, can cause errors in experimental lifetimes. In the measurements attempts were made to actually observe these effects by systematically changing experimental parameters. The final recordings were then made in regions where the setting of these parameters did not affect the lifetime. The final lifetime values are averages from a number of such recordings. The error bars of the values include the equal parts of statistical scattering between different recordings and the possibility of disregarding systematic effects.
IV. THEORY
All the calculations were based on the usual nonrelativistic Hamiltonian with a point nucleus of infinite mass
In the nonrelativistic multiconfiguration Hartree-Fock ͑MCHF͒ method ͓13͔ the wave function for a state labeled ␥LS, where ␥ represents the configuration and any other quantum number required to specify the state, is approximated by an expansion of configuration state functions ͑CSF's͒ with the same LS term
The configuration state functions ⌽(␥LS) are antisymmetrized linear combinations of products of spin orbitals,
where the radial functions P nl (r) are represented numerically on a grid. The radial functions are required to be orthonormal. In the multiconfiguration self-consistent field ͑MC-SCF͒ procedure, both the radial functions and the expansion coefficients are optimized to self-consistency. The former leads to a system of coupled differential equations, one for each radial function, and the latter to a matrix eigenvalue problem. In the present work a modified version of the MCHF package was used with the ability to optimize not only on a single state, but on a weighted linear combination of several states ͓14͔, referred to as an extended optimal level ͑EOL͒ calculation. Once the wave functions have been determined, various properties can be computed, including the rates for transitions between different states. When the wave functions for initial and final states are optimized independently, the usual angular momentum theory for evaluating matrix elements cannot be used since the combined orbital set is not orthonormal. To overcome this the orbitals of the initial and final states were transformed to a biorthonormal basis so that the evaluation of the matrix elements can proceed in the usual manner. This transformation is then followed by a transformation of the expansion coefficients to leave the wave functions invariant ͓15͔. 2 nd 2 D, nϭ3 -5. The wave function expansions were obtained with the active space method where configuration state functions of the specified LS symmetry are obtained from rules for distributions of electrons to orbitals, and orbital sets are successively increased. In all cases the expansions were over distributions of the type 1s 2 n 1 1 1 n 2 1 2 n 3 1 3 with nl belonging to the active orbital set. For each of the LS symmetries the 1s core orbital was obtained from an EOL calculation on the reference states and was kept fixed during the remaining calculations. The orbital sets were systematically increased until a satisfactory convergence of the calculated transition rates were obtained. The largest configuration space for the 2 P symmetry consisted of 10 881 CSF's and was built, in addition to the spectroscopic orbitals defining the EOL reference states, from six s, p, d, five f, four g, and two h correlation orbitals. 2 S states of the Rydberg series. This is due to the single 2s electron of the perturbing state that is expected to cause a much stronger polarization of the closed 1s subshell, an effect not accounted for in the computational model, than any other single electron with higher n and l quantum numbers. Since the position of the perturbing state has a strong influence on the computed transition rates of the higher members of the sequence, the ͗⌽(1s 2 2s2p 2 2 S)͉H͉⌽(1s 2 2s2 p 2 2 S)͘ diagonal element of the Hamiltonian matrix was semiempirically adjusted before diagonalization to give the correct order of the states. The third column of Table I shows the adjusted energies. In Table  II the mixing coefficients of the 2s2 p 2 2 S CSF, as obtained from the adjusted calculation, are shown for each of the Rydberg states in the 2 S series. Table III gives the transition rates between the investigated states, computed using the length and velocity forms of the electric dipole operator. The values of the length and velocity forms agree to within a few percent. The exception being transitions with very small rates and transitions involving 1s 2 2s2 p 2 2 S and 1s 2 2s2p 2 2 D. The difference for these terms is due to the polarization effects that has not been accounted for in the computational model. In addition there are several cancellations in the transition matrix elements as discussed in Ref. ͓7͔ .
V. METHOD OF CALCULATION
In Table IV the lifetime values in the length form calculated from the transition rates given in Table III are compared with experimental lifetimes. Earlier experimental values are only given for a laser spectroscopic investigation and for a beam-foil work including the s perturber. For the s sequence the trend of increase in lifetime with principal quantum number is interrupted by the short-lived 2s2p 2 2 S perturber. The effect is well reproduced in the calculations.
The present calculation can be improved by including polarization of the closed 1s subshell. This would give a better prediction of the position of the perturbing state, partly removing the need for a semiempirical adjustment. Due to limited computational resources no calculations including the 1s polarization were attempted. 
